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Charge transport through a single molecule bridged between two electrodes has been studied as a model system for understanding electron transfer phenomena in molecular sytems.
1 To date, Au is the most widely used electrode material because it is chemically inert, easy to prepare, and can bind to molecules with well studied linker groups, such as thiols. However, Au and other metals are known to quench photoexcited molecules, which is a serious problem if one wishes to build a photoswitchable molecular device. 2, 3 Indium tin oxide ͑ITO͒ is both electrically conductive and optically transparent, which have found many applications in organic light emitting diodes and photovoltaic devices. 4, 5 In this work, we demonstrate the formation of single molecule junctions between two ITO electrodes, and the electron transport properties in these junctions are investigated. In addition, we measured the force during the breakdown of molecular junctions, from which we can derive the binding strength of-COOH to ITO surface.
We used conducting atomic force microscopy ͑C-AFM͒ break junction to repeatedly bridge single molecules between an ITO tip and ITO substrate ͓Fig. 1͑a͔͒. ITO substrates were made of glass slides coated with ϳ200 nm ITO film ͑Delta Tech.͒. Before each experiment, an ITO substrate was cleaned by sonication in Triton X-100, pure water, and ethanol for 30 min each, and then treated by UV-O 3 plasma to remove the residual contamination on the ITO surface. Figure 1͑b͒ shows the AFM image of ITO surface. The rootmean-square ͑rms͒ roughness of the surface is ϳ0.79 nm over a scan area of 1 ϫ 1 m 2 . ITO AFM tips were obtained by depositing 200 nm ITO on commercial Si AFM tips using an electron beam evaporator. The spring constants of the coated AFM cantilevers were calibrated to be ϳ30 nN/ nm.
The molecules studied here are n-alkanes ͑Cn͒ terminated with two carboxylic acid linkers, where n is the number of methylene groups in the molecular chain. This is a nice model system because it has been studied well using Au electrodes, and one can systematically study the conductance as a function of molecular length by varying n. [6] [7] [8] Prior to the conductance measurements, we formed a Cn monolayer on an ITO substrate. The adsorption of carboxylic acid terminated alkanes was achieved by soaking the pretreated ITO substrates into 1 mM solution of alkane dicarboxylic acid in pure water for 30 min, 9 followed by rinsing and drying, then immediately mounted in a Teflon solution cell. It has been reported that carboxylic acid binds to ITO primarily via the formation of salt between carboxyl and In, 10 while H-4 and ester bonds 11 may also contribute to the binding. For the surface characterization of the monolayer, we did the x-ray photoelectron spectroscopy measurements which show higher atomic ratio of carbon and oxygen than that of uncoated ITO. Also, we attached an electrochemical active molecule-ferrocenedicarboxylic acid to ITO surface in the same way, and observed clear redox peaks from the probe molecules, which provides further evidence of the formation of ITO-COOH bond.
When the AFM tip was pulling out of contact with the substrate, both current and force were recorded, resulting in thousands of conductance and force traces. 12 For example, Fig. 2͑a͒ displays several current traces for ITO-HOOC -͑CH 2 ͒ 4 -COOH-ITO ͑C4͒ junctions at the bias of 0.1 V, which show steps near multiples of ϳ18 nS. 15% of total traces show the stepwise decreases in the conductance. The conductance histogram constructed from these 15% traces reveals a peak near 18 nS, which is identified as the average conductance of a single C4 bridged between ITO electrodes ͓purple column in Fig. 2͑b͔͒ . By changing the applied bias, the current changes linearly with bias, which further confirms the conductance value of C4 ͓Fig. 2͑c͔͒. As a control experiment, we performed the same measurement on bare ITO and found smoothly exponential decay in the conductance traces and the corresponding histogram is featureless ͓gray column in Fig. 2͑b͔͒ . Figure 3͑a͒ shows an example where conductance and force curves are simultaneously recorded during the breakdown of individual molecular junctions. The conductance curve ͑black͒ shows steps at multiple values of 18 nS, as we have already discussed before. The force curve ͑red͒ is noisy, but steps in the force that are closely correlated with those in the conductance are still visible. Statistical analysis of the last force step shows an average breakdown force ⌬F of ϳ0.2 nN ͓Fig. 3͑c͔͒, associated with the last conductance step ͑ϳ18 nS for C4͒. This force is seven to eight times smaller than the force required to break a molecular junction involving Au-S bond. 12 In the case of dithiol molecular junctions, the breakdown of the last molecule bridged between two Au electrodes takes place at Au-Au bond due to strong S-Au binding. In the present case, the small breakdown force indicates that the ITO-COOH binding is much weaker than S-Au binding and the breakdown of ITO molecular junctions probably takes place at the ITO-COOH interface.
In order to calculate the binding energy of COOH to ITO surface, we measured the length of last force/conductance step ͓⌬L marked in Fig. 3͑b͔͒ , over which a molecular junction can be stretched before it breaks down. Statistical analysis shows that the average stretching length of ITOmolecular junctions is around 0.38 nm ͓Fig. 3͑d͔͒. Therefore, the average binding energy E b of the ITO-COOH bond is determined to be ϳ20 kJ/ mol from the average breakdown force ͑⌬F͒ and stretching length ͑⌬L͒ by E b ϳ͑1/2͒FL. The assumption for this simple relation is that the force is linearly proportional to the stretch length, which is only approximately valid. 13, 14 The binding energy found here is close to the estimated desorption energy of carboxylic acid on metal oxide which is about 70 kJ/ mol. 15 To study the molecular length dependence of the conductance, we have varied n, the number of methylene groups in the n-alkane dicarboxylic acids. Figure 4 is the semilogarithmic plot of the conductance values as a function of molecular length for ITO-dicarboxylic acid junctions. As a comparison, we also show the conductance of Au-dicarboxylic acid junctions at different molecular lengths ͑black͒. 16 In both cases, the conductance decreases exponentially with molecular length and can be fited by G = A exp͑−␤L͒, where G is conductance, ␤ is decay constant, and A is a constant describing the molecule-electrode contact conductance. The decay constants ␤ of both systems are ϳ0.80 Å −1 . This result is expected since the highest occupied molecular orbitallowest unoccupied molecular orbital gap of alkanes is large and superexchange is the conduction mechanism. However, the contact conductance A values are 424 and 477 nS for the ITO-and Au-carboxylic acid interfaces, respectively. Since the molecular structures in both cases are the same, the difference in contact conductance may reflect different electronic couplings of COOH to ITO and Au. In conclusion, we have demonstrated that ITO can be used as contact electrodes to form molecular junctions via ITO-carboxylic acid bond. The conductance of junction decreases exponentially with the molecular length with a decay constant of ϳ0.80 Å −1 , which is similar to that of Aucarboxylic acid junctions. However, the contact conductance of ITO-carboxylic acid is slightly smaller than that of Aucarboxylic acid. We have measured the breakdown force and stretching length, from which the binding energy and range of ITO-carboxylic acid interactions are determined. The study shows that in addition to metals, ITO and other metal oxide thin films can also be used as contact electrodes to form molecular junctions.
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